The fabrication of an enzyme-degradable polymer/silica hybrid microbubble is reported that produces an ultrasound contrast image. The polymer, a triethoxysilane end-capped polycaprolactone (SiPCL), is used to incorporate enzyme-degradable components into a silica microbubble synthesis, and to impart increased elasticity for enhanced acoustic responsiveness. Formulations of 75, 85 and 95 wt% SiPCL in the polymer feed, produced quite similar ratios of SiPCL and silica in the final bubble but different surface properties. The data suggest that different regions of the microbubbles were SiPCL-rich: the inner layer next to the polystyrene template core and the outer surface layer, thereby creating a sandwiched silica-rich layer of the bubble shell. Overall, the thickness of the microbubble shell was dependent on the starting TEOS concentration and the reaction time. Despite the layered structure, the microbubble could be efficiently degraded by lipase enzyme, but was stable without enzyme. The ultrasound contrast showed a general trend of increase in image intensity with SiPCL feed ratio, although the 95 wt% SiPCL bubbles did not produce a contrast image, probably due to bubble collapse. At higher normalized peak negative acoustic pressure (mechanical index, MI), a non-linear frequency response also emerges, characterized by the third harmonic at around 3f 0 , and increases with MI. The threshold MI transition from linear to non-linear response increased with decrease in SiPCL.
Introduction
Ultrasound imaging is the second most common imaging modality used in clinics around the world, following x-ray imaging. 1, 2 Ultrasound technology is safe, non-invasive, low risk, portable, offers results in real-time, and is relatively easy to use. Currently, ultrasound is used in applications involving the heart, vascular systems, abdominal organs, obstetrics, and is branching out into more advanced roles. These include molecular imaging, targeted drug delivery, opening the blood-brain barrier, and blood clot dissolution. [3] [4] [5] [6] [7] [8] [9] Research on contrast agents has moved from "soft"-shelled agents, such as those made with lipids and proteins 10 , into investigating the use of "rigid"-shelled microbubbles, to impart further stability to the gas bubble. The stronger shells of these rigid microbubbles means that their imaging life times are longer due to better stabilization of the shell, especially during oscillations. Additionally, the microbubbles can withstand higher pressures of ultrasound. However, the rigid shell also decreases the sensitivity of the microbubble to ultrasound insonation, at low ultrasound pressures. Moreover, it is very important for the rigid-shelled microbubbles to have a well-controlled size distribution, as unlike the soft-shelled microbubbles, they cannot deform to fit through small capillaries. Thus, the ideal size is 1-4µm, else, like whole particles, they could occlude the vessels. 11, 12 Although nanobubbles might promote aggregation into tumor vasculature through the enhanced permeation and retention effect, the dependence of bubble echogenicity on its size, as well as the inability to fabricate relatively thin shells (thickness < 5% radius) that are capable of stabilizing the inner air bubble renders microbubbles the more attractive option for ultrasound contrast. 1, 14 Although emulsion techniques can result in a good yield, the control in size distribution of the microbubbles is improved by formation on a pre-characterized monodisperse sacrificial core template. For example, hollow silica microcapsules and microbubbles have been fabricated with this principle, by a sol-gel technique by Lu et al. 13 and Lin et al. 14 and, as reported by Walters and Hall 15 , the use of a polystyrene microparticle sacrificial core, results in hollow silica microcapsules of great uniformity.
However, a pure silica shell made from tetraethyl orthosilicate (TEOS) was too brittle and cracked under high intensity insonation. By adding additional layers of longchain organosilanes during the fabrication process, the shell was rendered more elastic and thus able to oscillate when ultrasound was applied. 14 Work has also been conducted with (3-aminopropyl) triethoxysilane to functionalize the microbubbles with amine groups for conjugation with biomolecules for imaging, drug attachment, or targeting purposes. 16 Testing of these microbubbles in vivo and in vitro showed that the silica-based microbubbles can be imaged well. 14, 16, 17 This opens the door to a dual function of contrast agent and drug delivery vehicle. Mesoporous silica with high surface area/volume ratio has been long established as an excellent material for drug delivery applications. Literature reports values of specific surface areas as high as 880 m 2 /g and pore volumes over 1.5 cm 3 /g. Thus, silica-based microbubbles might be expected to encapsulate high loads of therapeutics in the shell structure, despite having a hollow, air-filled, core. 18, 19 Additionally, liquid filling, followed by evapouration leaves an inner 'skin' of additional material within the shell of the bubble. Mesoporous silica can also be easily functionalized, overall making it a good material to use for a multi-purpose vehicle. 20 However, a drawback of using silica in short-term drug delivery is its slow biodegradation to silicic acid 21 . Thus, despite such promising properties for drug loading and as an ultrasound contrast agent, it is still lacking desirable in vivo properties.
As such, the work reported herein explores the potential for a biodegradable microbubble. Polycaprolactone (PCL) degradation occurs through the hydrolysis of ester linkages in its backbone. 22 Not only are the linkages susceptible to hydrolytic degradation, the rate can also be increased by enzymatic degradation, for example, from lipase enzymes. 23 As PCL is hydrophobic, the presence of lipase enzyme has been shown to speed up the degradation rate by over 1000 times. [23] [24] [25] On a macroscopic scale, implantation of PCL in rats showed that over 50% of the PCL had been excreted by the end of 60 days and only 9% remained after 120 days. 26 Without the presence of lipase, degradation of PCL is slow, with microparticles showing unchanged morphology even after 9 weeks, so that it is an attractive material in terms of potential shelf-life. Here, we report the development and characterization of an enzyme-degradable microbubble from silica and enzyme-degradable polymer SiPCL, with potential for future applications in simultaneous drug delivery and ultrasound contrast. Different formulations of microbubbles were fabricated and analyzed for their shell dimensions and compositions. Their ultrasound response is also reported in this paper.
Experimental

Materials
All chemicals were purchased from Sigma-Aldrich Company LLC (Dorset, UK), except for 6-hydroxyhaxanoic acid, which was purchased from Alfa Aesar (Johnson Matthey, Lancashire, UK). Lipase enzyme from Pseudomonas cepacia was also purchased from Sigma-Aldrich.
SiPCL Synthesis
The synthesis of SiPCL followed the protocol given by Tian et al. [27] [28] [29] The schematic of the reaction is shown in Figure 1 . Polycaprolactone diol (PCL diol, M n 2000 g/mol) was end-capped with alkoxysilane groups for sol-gel functionality using 3-(trimethoxysilyl)propyl isocyanate (IPTES) and 1,4-diazobicyclo[2,2,2]octane (DABCO). The molar ratio used was 1:3:2. PCL diol and DABCO were mixed and heated to 70°C in a round bottom flask under reflux. IPTES was added to start the reaction and the reaction was carried out for 22 -24 hours. The product, SiPCL, was collected by precipitation in methanol and filtered before drying overnight by vacuum desiccation.
The synthesis of SiPCL was confirmed by the comparison of its FT-IR spectra to that published by Tian et al. and Rhee and colleagues, and to that of PCL diol. [27] [28] [29] [30] [31] [32] Figure S.1 presents the FT-IR spectra of the 600 -1600 cm -1 range with the chemical changes annotated. In this region, the Si-C stretch and Si-O-C bend were detected for the triethoxysilane end-cap, and the N-H and C-N bends of the urethane linkage were detected as well. In addition, the -NH stretch of the urethane linkage was detected at 3400 cm -1 , and the -OH stretch of the PCL diol disappeared.
Additionally, the measurement of molecular weight by gel permeation chromatography (GPC) confirmed the addition of the triethoxysilane end groups. The number average and weight average molecular weights were determined to be 8630 and 10035 g/mol while the PCL diol was determined to be 4484 and 6717 g/mol relative to the polystyrene standard. The large increase in molecular weight from PCL diol to SiPCL reflected the addition of large and bulky end-groups. Polymers with larger hydrodynamic volumes cannot enter the porous spaces in the gel of the GPC column and thus spend little time travelling through it. 33 Thus, the addition of end-cap was reflected as a significant increase in molecular weight.
Regarding the overestimation of PCL diol molecular weight as compared to the values reported by Sigma-Aldrich, it has been reported in literature that the molecular weight of aliphatic polymers such as PCL are overestimated when compared to a polystyrene calibration. A factor of 0.45 has been reported to correlate the molecular weight of polystyrene to PCL, and was successfully used here to compare PCL diol mass to that reported by the manufacturer. The addition of the end-caps was also confirmed with thermogravimetric analysis (TGA). The decomposition behavior of SiPCL was consistent with the addition of two triethoxysilane end-caps to PCL. Specifically, 90% of the initial mass was lost during the heating process, agreeing with the ratio of two remaining triethoxysilane groups and the loss of the 2000 g/mol PCL segment. Most of the mass loss occurred in the 200 -500°C region, which was consistent with the thermal degradation of PCL as reported in literature. 36 
Polystyrene template synthesis
The polystyrene microparticle template was fabricated using dispersion polymerization according to Lin et al. 14 Ethanol (134 mL), water (6.9 mL), styrene (50.6 mL), 4-styrene sulfonic acid (0.37 g), poly(acrylic acid) (2.26 g), and azobisisobutyronitrile (1.0 g) were mixed together in a round bottom flask under reflux at low stirring speed and degassed by bubbling with N 2 . The reaction was initiated by heating to 80°C and stopped at 24 hours by cooling with ice for 5 minutes. The polystyrene was collected by centrifugation and washed with ethanol. From TEM images, the polystyrene microparticles were observed to be spherical and uniform in size. Dynamic light scattering (DLS) measurements revealed near-monodisperse distribution, with a dispersity index of 0.226. The size of the microparticles was determined to be 2243 ± 65 nm by TEM imaging. To render the polystyrene positively charged, 0.5 w/v% polystyrene was incubated in 1 w/v% poly(allylamine hydrochloride) (PAH) solution. The excess PAH was washed off with water.
Sol-gel fabrication of SiPCL microbubbles
Microbubbles were synthesized using the modified Stöber sol-gel method as described by Lu et al. and Lin et al. 13, 14 A typical reaction consisted of the following: isopropanol (20 mL), water (3.5 mL), ammonium hydroxide (0.5 mL), PAH-modified polystyrene (0.026 g), SiPCL (0.2 -0.4 g) dissolved in 1 mL tetrahydrofuran (THF), and TEOS (0 -214 µL). All chemicals except SiPCL and TEOS were first pre-mixed in an Erlenmeyer flask. To start the reaction, SiPCL solution was added dropwise, followed at 5 minutes by TEOS solution. The reaction was left to stir at room temperature for 5 hours, except for the 50 wt% SiPCL formulation, which was stopped at 3 hours. The reaction was terminated by removal from the solution through centrifugation. The resulting polystyrene/SiPCL/silica core/shell microparticles were washed with isopropanol, and the polystyrene was removed by incubation with THF. Vacuum desiccation was used to remove the THF and to fill the structure with air to form microbubbles.
Enzymatic degradation
SiPCL and SiPCL microbubble degradation was carried out at 37°C with shaking. The samples (10 mg) were suspended in 1 mL solution of 0.01 M phosphate buffered saline (PBS) with 200 -300 U/L of lipase enzyme.
Chemical characterization methods
Fourier-transform infrared spectroscopy (FT-IR) was conducted on a Perkin Elmer Spectrum One FT-IR Spectrometer (Perkin Elmer Inc., MA, USA) with an attenuated total reflectance sampling accessory attached. The spectra was read from 550 -4000 cm -1 . GPC was conducted in chloroform on a Polymer Laboratories PL-GPC 50 Integrated GPC system (Varian Inc., MA, USA). A polystyrene standard was used.
Imaging of microbubbles was conducted using transmission electron microscopy (TEM) on a Technai G2 80-200 kV microscope (FEI, OR, USA) at 120 kV. Measurements were taken using ImageJ image processing software (National Institutes of Health, MD, USA).
Sessile drop contact angle measurements were made on approximately 8 × 10 7 microbubbles dried from 10 µL of microbubble solution to test the surface properties. A DataPhysics OCA 20 Contact Angle System (DataPhysics Instruments GmbH, Filderstadt, Germany) was used to monitor the change in 3 µL water droplets at a frame rate of 8.14 frames/second. The change in contact angle with respect to time was closely monitored over 30 seconds to determine the relative hydrophobicity between the samples. The change in contact angle within 1 second of droplet deposition was especially important in determining wettability, given the porous and loose nature of the microbubbles used for measurement. 37, 38 TGA was conducted on a LABSYS Evo (SETARAM Instrumentation UK, Caluire, France). Experiments were run from room temperature up to 700°C at a ramp rate of 5°C/minute. DLS measurements were conducted on a Malvern Nano-ZS Zetasizer (Malvern Instruments Ltd., Worcestershire, UK).
Mass spectrometry was run in 50% aqueous acetonitrile under negative ion mode by the Mass Spectrometry Service at the Department of Chemistry, University of Cambridge (Cambridge, UK).
Ultrasound imaging
Imaging of the microbubbles was conducted using an Ultrasonix Sonix RP Ultrasound (Analogic Corporation, MA, USA). A linear 14 -5 MHz, 38 mm transducer was used. Harmonic mode was used to image the microbubbles, at a center frequency of 5 MHz. Experiments were conducted with 400 mL of 1 × 10 9 microbubbles/L solution. The ultrasound response was collected using Stradwin ultrasound acquisition program (Department of Engineering, University of Cambridge, Cambridgeshire, UK). Both image intensity and radio frequency (RF) results were analyzed using MATLAB (MathWorks Inc., MA, USA).
Results and discussion
Microbubble design, synthesis and characterization
Attempts to produce microbubbles with PCL were not successful (data not shown), so that in itself it does not render a biodegradable bubble solution. However, introduction of the PCL via end-caps on SiPCL should offer both enzyme-degradability and easy incorporation into a silica matrix. 27 Good incorporation of SiPCL has been reported in bulk materials, and the degradation of SiPCL-containing materials has been shown to occur through the ester linkages of the polymer. 29, 30, 39 Degradation of PCL domains was the main cause of mass loss from the hybrid samples, and significantly increased the degradability of the samples over that of pure silica. 28, 39 This is the same as the degradation of PCL. 36, 40, 41 In previous reports, the mass loss from degradation was found to be fast up to the end of 4 weeks, after which the degradation decreased slightly. 39 SiPCL/silica hybrid microbubbles were fabricated here by sol-gel lamination of a sacrificial polystyrene core template. A product could be accomplished by adapting the classical sol-gel process for silica and silica/organosilica microbubbles as developed by Lu et al. and Lin et al. 13, 14 Initial SiPCL concentrations of 50, 75, 85, and 95 wt% with respect to total SiPCL in SiPCL/TEOS were selected and microbubbles produced. These hybrid microbubbles were reproducibly uniform in size and shell thickness, as shown for example, in Figure 2 .
As can be seen from Table 1 , the shell thickness from any one formulation had a relatively small standard deviation, and different formulations were shown to be statistically different from each other (p < 0.01). A particularly thick shell was created when 50 wt% SiPCL (or greater TEOS content) was reacted for 5 hours. This revealed the expected differential reactivity of the TEOS with respect to the SiPCL, favoring TEOS incorporation over SiPCL, when it was present in excess. One option to increase SiPCL incorporation would be to maintain the PCL concentration in excess and gradually add TEOS over the period of fabrication (5 hours). However, the lamination approach from Lin et al. 13, 14 offers versatility to create a microbubble with different layer properties. This may be suitable for creating SiPCL-rich layers as well as optimizing layers for future drug loading and delivery. Thus, in the data reported here, an initial charge of SiPCL was added to provide an inner layer and then the TEOS introduced after 5 mins. FT-IR spectra of the different microbubble formulations all contained an ester peak at 1728 cm -1 , confirming the addition of SiPCL to the microbubble shell. The spectra also contained silanol and silica peaks at 960 and 1045 cm -1 respectively, indicating the presence of a silica matrix (data not shown). From Table 1 , there is a clear decease in shell thickness with increase in the initial weight percent of SiPCL in the lamination feed. This is consistent with a faster TEOS solgel process, than the incorporation of the end-capped SiPCL. To reduce the wall thickness for the 50 wt% SiPCL microbubbles, so that it was comparable with the other formulations, the reaction was stopped at 3 hours. Figure 2 shows the thin shell around the spherical core and provides some insight into the different morphology with the different formulations. TEOS tends to polymerise into nano and micro-spherical structures 0f 50 nm to 2 µm in size, that grow to an aggregated microgel of polymer clusters, and thence coalesce. 42 In the case of polymerization onto a template surface, the sol particle clustering develops seeded from the surface. In the case of the microbubbles formed on a polystyrene template, the 50 -85 wt% SiPCL microbubbles had the 'bumpy' surface suggesting a microcluster morphology that grows and merges together. This was highlighted at the defect sites in the shell -where the round edges suggested that shell growth was due to colloidal particles joining up together. On the other hand, the 95 wt% SiPCL microbubbles had less evidence of cluster mergence and the appearance of a more porous-like shell.
To investigate the incorporation of SiPCL into the microbubble shells, and check whether the lamination layers had been achieved, the reaction for 75 wt% SiPCL microbubbles was followed with time. It was found that the contact angle changed during the reaction process (5 hours) although the bulk of the shell structure was created in the first hour. Combining the information from the shell thickness and contact angle results, inferred that the surface availability of SiPCL and silica changed throughout the reaction, resulting in layers of differing hydrophobicity. These results are illustrated by the scheme in Figure 3 .
To interpret these results in terms of SiPCL incorporation, the initial charge of SiPCL coats the polystyrene template rendering a hydrophobic surface. Up to 30 minutes, the shell was thin and hydrophobic, which was attributed to a dominance of SiPCL, but the TEOS (added 5 minutes after the SiPCL) begins to dominate the surface of the structure by 1 hour (despite SiPCL still being available in solution), and the shell becomes hydrophilic. The doubling of shell thickness and increase in hydrophilicity during this time can be attributed to the rapid condensation of TEOS with a significantly slower SiPCL contribution. The faster hydrolysis and condensation times of TEOS have been attributed to its smaller specific volume and lower steric crowding around the silicon atom. [43] [44] [45] The increasing incorporation of silica continued to 3 hours (the contact angle continued to decrease while the shell growth plateaued off to approach the final shell thickness). Further lamination from 3 -5 hours provided negligible change in shell thickness but a significant increase in contact angle, consistent with a slow coating of the outside surface with SiPCL that was still residual in solution. Leading from this layered lamination result, SiPCL coating on the outside of the capsule is predicted once the TEOS is depleted in the feed. The contact angles measured for the 75, 85 and 95 wt% SiPCL microbubbles were all over 100° and measurements were maintained over 30 seconds, providing further indication of a significant SiPCL presence on the surfaces of these microbubbles. In contrast, the 3 hour 50 wt% SiPCL microbubbles were hydrophilic, with contact angles measured, dropping from 104.7 ± 2.1° to 86.4 ± 4.1° after 1 second. The high initial contact angle for the 50 wt% SiPCL microbubbles demonstrated that the microbubbles still had hydrophobic properties due to exposed surface SiPCL in the early stages of lamination (also observed in the TEM image as patches of polymer on the surface), but the quick wetting and hydrophilic equilibrium contact angle in the final product showed that the surface also presented a hydrophilic interaction. For these microbubbles, the lowered contact angle and easy wetting indicated that the 3 hour 50 wt% SiPCL did not have a significant protective SiPCL-rich outer layer.
Since this interpretation assumes a differential rate of sol-gel incorporation, the final incorporation may not reflect the feed ratio. Thus, TGA was performed on the microbubbles to determine the final incorporation ratio. The incorporation was calculated from the mass loss of SiPCL and is presented in Table 2 ; it ranged from ~17wt% for the 50 wt% formulation, to ~26wt% for the 95 wt% SiPCL formulation and shows that SiPCL incorporation is nearly independent of feed ratio for formulations between 75 -95 wt% SiPCL.
The microbubbles exhibited a similar but slightly broader mass loss temperature range compared with the pure polymer. In Figure 4a , the normalized derivatives of the mass-loss curves are presented. The mass loss onset temperature for the microbubbles was lower than the pure polymer; this has previously been attributed to size 46 : < 3 µm for the microbubbles compared with the macroscopic flakes of pure polymer. There is also a less well-defined second peak at higher temperature (up to 5 wt% of the total microbubble); this may reflect the initial SiPCL coating inside the microbubble and its different temperature profile, due to the combination of two possible mechanisms: decomposition products, hindered from leaving the sample by the silica-rich layer over the inner PCL layer, or the surrounding silica matrix may act as a thermal barrier in delaying polymer decomposition by stabilizing the polymer segments. 47, 48 Thus, the two peaks are consistent with SiPCL availability in the surface layer of the microbubbles and an inner SiPCL-rich layer (from the initial SiPCL charge in the microbubble formation). In the TGA trace, the second shoulder was observed between 400 -500°C. This was less dominant than the main peak in the 75 -95 wt% feed SiPCL, where the resultant microbubbles have a similar SiPCL incorporation. In contrast, in the 50 wt% SiPCL microbubbles, where the co-incorporation of SiPCL with TEOS is expected to be low the 'main' peak is reduced in size relative to the higher temperature peak (Figure 4b ). The polystyrene microparticle thermal degradation curve is also shown in Figure 4b and it can be seen that there is overlap with the SiPCL curve, so that we cannot distinguish between residual polystyrene and PCL. However, no evidence of polystyrene core residue could be seen in the TEM for the 75 -95 wt% microbubbles. In contrast, TEM imaging of 50 wt% SiPCL microbubbles revealed that some had a "microrattle" structure (Figure 5f ). This is probably due to incomplete etching of the polystyrene core microparticle in these thicker-shelled microbubbles.
Further contrast can be seen in the lower temperature TGA range (Figure 4a ) assigned to the evaporation of physically adsorbed water from the silica regions of the microbubble. 49, 50 This is evident for 50 wt% (not shown) 75 and 85 wt% SiPCL and is consistent with the hygroscopic silica within the shell. In contrast, there was no mass loss from pure SiPCL and the 95 wt% SiPCL microbubbles. This difference suggested that the SiPCL and 95 wt% SiPCL microbubbles were predominantly hydrophobic.
Microbubble ultrasound response
Ultrasound images taken of the microbubbles under harmonic mode imaging were analyzed for pixel intensity and the frequency spectra of their response. Ultrasound intensity was characterized in terms of mechanical index (MI), a metric defined as the ratio of the peak negative pressure of the ultrasound (in MPa) to the square root of the center frequency (in MHz).
Ultrasound images (Figure 5b -e) were used to generate image intensity response curves and found to vary between formulations of 50 -85 wt% SiPCL microbubbles. Interestingly the 95 wt% SiPCL microbubble showed very little response. The effect of shell properties on the ultrasound responsiveness of encapsulated microbubbles has been studied and modeled extensively. Specifically, shell elasticity and viscosity terms have been crucial in differentiating the modeling of shelled microbubbles under ultrasound insonation. [51] [52] [53] [54] These terms affect the oscillatory behavior of the shell when insonated, which in turn reflects upon the backscatter generated. 55 For silica-based microbubbles, Lin et al. 14 showed that their acoustic activity was improved by a shell of increased elasticity. However, the TEM of the 95% SiPCL bubbles (Figure 5g) shows that, despite these microbubble shells being very thin (29 nm) and having increased elasticity, the bubbles collapse. In previous work 14 we found that "sticky" thin walled polymers with low T g tended to collapse during drying, due to adhesion between opposite walls of the bubble. In cases where the adhesion predominated, re-inflation was prevented and so the bubble did not form to respond to insonation.
The other results presented in Figure 5 showed a general trend of increase in image intensity with SiPCL feed ratio which could suggest that shell elasticity increased with increasing initial SiPCL content, in line with the TGA predicted SiPCL content (17.7, 23.3 and 21.4 wt% respectively for 50, 75, 85 wt%) and estimated shell thickness (77, 54, 46 nm respectively), which has also been shown to play a role in determining the viscous damping of the acoustic signal in microbubbles, and thus the response collected. 56 It can also be seen that the 50 wt% SiPCL provided an image intensity which is very close to the silane microbubble (following the formulation reported by Walters and Hall 15 ) which indicates that even small additions of SiPCL can increase image intensity. Measurements of amorphous polymer thin film elasticity has shown that the elastic modulus varies as a function of film thickness, below a certain critical thickness. When the film is sufficiently thin (as in the case here) a surface layer of polymer with significantly lower Young's modulus will dominate the response. 57, 58 Since the result is a higher intensity ultrasound image, this is encouraging for the formulation proposed, particularly in view of its potential for natural biodegradation through lipase action in the blood stream.
The RF signal in this MI range also provides information on the harmonics and can reveal the conditions where transition occurs from a linear to non-linear response. Figure 6 shows the response of 85 wt% SiPCL microbubbles at MI 0.71 and shows that at low MI a peak centered ~6MHz could be deconvolved into a peak around the 5Mhz fundamental response (f 0 ) and a shoulder at 3/2f 0. This has been seen previously in other contrast agents, and believed to derive from the beat phenomenon caused by the combination of f 0 and 2f 0 . [59] [60] [61] At higher MI, the non-linear response also emerges, characterized by the third harmonic at around 3f 0 , and increases with MI. The threshold MI (between 0.75-0.80) for this harmonic is dependent on formulation (Figure 7) , so, for example, at MI 0.71 none of the formulations show non-linear behavior; at MI 0.75 only the 85% SiPCL produces a non-linear response and at 0.78 only the 50% SiPCL formulation is without a non-linear signal (95% is very weak as discussed above).
Overall, the ability of the SiPCL microbubbles to be imaged extensively under harmonic mode at high MIs was promising for highly stable and biodegradable microbubbles for use with high intensity ultrasound. Commercial agents already start responding at MIs as low as MI 0.07 and barely survive more than two ultrasound pulses. 14, 62 The SiPCL microbubble imaging results were obtained over multiple pulses of ultrasound. Over 5 seconds of ultrasound was applied at each MI and the recordings were taken consecutively on the same sample without replenishment. The increased stability and lack of inertial cavitation at high MIs may limit the drug delivery capabilities through microbubble rupture, but could be highly efficient as a drug carrier vehicle for sustained drug delivery. 
SiPCL hydrolytic degradation
Degradation of PCL results in the release of hydrolysis products 6-hydroxyhexanoic acid, caprolactone, and cyclic dimers and trimers of caprolactone. 63, 64 These products, together with a change in solution pH can provide information about the degradation process. Figure 8 compares the pH profile for SiPCL degradation with and without the presence of the enzyme, lipase. It shows that after an initial increase in pH after placing SiPCL in buffer solution, the pH measured returned to the starting buffer pH of 7.45 over a period of 5 days. In contrast, enzyme catalyzed degradation of SiPCL, investigated by incubation with lipase enzyme from Pseudomonas cepacia did not show any initial increase in pH and the decrease in pH (approximately 0.2 pH units over 5 days) was equivalent to approx. 13 µmol of monomer released from approx. 80 µmol polymer (0.2 g). Investigation of the release products by mass spectrometry revealed that while the monomer was detected in the enzyme catalyzed sample (at 131.07 m/z), no peaks were observed for the SiPCL in buffer solution. It has been shown previously that after 72 hours of incubation with lipase solution, up to 80 wt% of PCL film may be degraded. 23 It has also been reported that hydrolysis of PCL occurs in a linear-monomeric action from chain ends, but the PCL segment in SiPCL here is endcapped by triethoxysilane. 26 As such, mid-chain cleavage has to occur to expose PCL segments for degradation. This may protect the polymer from background hydrolysis, giving it shelf-life but still achieving lipase catalyzed degradation. Investigation of microbubble degradation showed similar results to those obtained from degradation of pure SiPCL. Due to the low wt% of SiPCL in microbubbles and the large amount of microbubbles required for a noticeable change to be detected by pH, degradation studies were only conducted by mass spectrometry. Degradation of 50 wt% SiPCL microbubbles by hydrolytic scission failed to generate detectable 6-hydroxyhexanoic monomer by the end of 5 days of incubation. However, even for this low SiPCL loading, the addition of lipase significantly sped up the degradation process. By Day 4 of enzymatic degradation, a 6-hydroxyhexanoic acid monomer peak was detected by mass spectrometry. This peak further increased in intensity between Day 4 and Day 5. These findings were reinforced by the TEM images. Figure 9 compares enzymatic, and hydrolytic degradation and shows the shells appeared highly porous after enzyme catalyzed hydrolysis. In contrast, microcapsules that had only been exposed to hydrolytic degradation remained morphologically similar to untreated microcapsules. In cross section ( Figure 9 ) these differences are emphasized. From measurements taken of the shell thickness before and after hydrolysis, it was found that a reduction was found during enzyme treatment, from 77 ± 4 nm to 65 ± 4 nm. This compares with a thickness after hydrolytic cleavage of 71 ± 5 nm. Atomic force microscope images of bulk SiPCL/silica surfaces have been shown to contain large pores after 8 days of enzymatic degradation. 
Conclusions
This work shows that an enzyme-degradable polymer with triethoxysilane end-caps can be repurposed for fabrication of enzyme-degradable ultrasound contrast microbubbles, when incorporated in a silica sol-gel process. The polymer/silica hybrid microbubbles could be fabricated to high uniformity in size and shell thickness and by introducing the SiPCL in advance of the TEOS to allow pre-coating of the the polystyrene core template, the microbubbles were shown to contain SiPCL in SiPCL-rich layers in the structure, although most of the material was characterized as silica-rich. Despite the gradiaent in SiPCL through the shell, enzymatic degradation with lipase was effective, rendering a rather 'open' porous structure. These microbubbles were shown to be acoustically responsive to ultrasound. The acoustic response of the microbubbles was found to be correlated with the SiPCL/TEOS ratio in the sol-gel feed and thus the shell thickness, elasticity and damping ability of the shell. Overall, the SiPCL/silica microbubbles were found to be highly stable under ultrasound insonation and offer an interlinked gradient of hydrophobic and hydrophilic areas that that could be used for selective drug loading, as will be reported shortly.
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